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ABSTRACT 
A process for optimising both the design and operation of the generator for a large offshore vertical 
axis wind turbine (VAWT) is developed. The objectives of the optimisation process are to minimise 
additional costs and losses in the generator to allow for a fair evaluation of the impact of the VAWT 
environment on the powertrain.  A spectrum of torque control strategies was tested based on the 
ratio, q, of the allowed electrical torque variation to the inherent mechanical torque variation.  
Equations relating q to the generator losses were established. The effect of q on the energy extracted 
by the rotor was also investigated and incorporated into the optimisation process.  This work shows 
that a variable q strategy with respect to wind speed can improve turbine performance across the 
range of operational wind speeds depending on the torque loading from the rotor blades.  In turn, this 
also allows for the torque rating of the generator to be reduced from the peak torque rating that 
would otherwise be expected, creating an opportunity to downscale the generator size, reducing 
costs.  The optimisation of powertrain design and operation should be carried out at as high level as 
is possible, ideally using the fully factored Cost of Energy (COE) to guard against unexpected losses 
due to excessive focus in one COE factor (for example reducing upfront cost but in turn reducing 
availability). 
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List of Symbols 
Ae Iron Loss Eddy Current Loss Coefficient 
Ah Iron Loss Hysteresis Loss Coefficient 
?̂?𝐹𝑒  Iron Flux Density 
?̂?0 Baseline Iron Flux Density = 1.5T 
10 
b Number of rotor blades 
Cp Power Coefficient 
Ep Induced emf 
ℱ𝑚 Magnet MMF 
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fe Electrical Frequency 
f0 Baseline angular frequency = 50Hz 
10 
fy Profit function 
h Torque Harmonic Number 
I Generator R.M.S. Current 
i Iron Segment 
J Moment of Inertia of Generator 
j Square root of -1 
kT Generator Torque Constant 
m Mass 
PCu Power loss from copper 
PFe Power loss from iron 
PFe0h Hysteresis losses in iron at 1.5T and 50Hz (per unit mass)
10 
PFe0e Eddy Current losses in iron at 1.5T and 50Hz (per unit mass)
10 
p Number of Pole Pairs of Generator 
q Torque control factor (ratio of electrical torque variation to mechanical torque variation) 
qLM Loss Minimisation q Strategy 
qOPT Optimal q strategy 
R Phase Resistance 
ℛ Magnetic Reluctance 
Telec Electrical Torque 
Tmech Mechanical Torque 
Th Torque Harmonic Magnitude (Mechanical) 
?̅? Mean Torque 
𝑇Δ Magnitude of Torque Variation (sinusoidal approximation) 
u Unit Cost / Price 
Vt Terminal Voltage 
v Wind Speed (steady state) 
X Phase Reactance 
y Number of years 
α Angular Acceleration 
θ Azimuth Angle 
λ Tip-Speed Ratio of VAWT rotor 
Φ Initial Azimuth Angle 
Φ𝑔 Airgap Flux 
ω Rotational Speed 
ω0 Steady state rotational speed when torque-matching (q = 1) 
AEP Annual Energy Production 
 
1. INTRODUCTION 
This work proposes new torque control strategies for generators of VAWTs and demonstrates how 
these strategies influence the costs and efficiency of the powertrain and energy capture of the 
VAWT.  It uses a nested optimisation process on both the powertrain design and operation and 
demonstrates that to minimise cost of energy, these torque control strategies should vary with wind 
speed which in addition allows the powertrain to be rated for a lower torque value than the peak 
mechanical torque. 
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1.1. Offshore VAWTs 
There is increasing interest in the use of Vertical Axis Wind Turbines (VAWTs) for large-scale 
deployment in the offshore environment.  Notable academic and commercial VAWT projects include 
the Sandia National Laboratories,
1
 the NOVA project’s Aerogenerator V-rotor,2  the INFLOW 
project’s Nenuphar Twinfloat concept,3 the VertAx H-rotor,4 the VertiWind 2MW prototype,5 and 
the Sea Twirl offshore demonstrator.
6
 
 Compared to their Horizontal axis counterparts, VAWTs do not require yaw systems, do not 
experience gravitational cyclic loading, and some designs reduce or eliminate the tower. Some 
researchers have claimed that the turbine blades for VAWTs can be longer than the equivalent 
Horizontal Axis Wind Turbines (HAWTs), reducing the mass and cost of larger (e.g. 10-20MW) 
offshore wind turbines.
7
 With the potential additional benefits of accessing powertrain and control 
equipment at or near sea level, there is scope for improving O&M costs too. These benefits might 
mean a lower Cost of Energy (COE) overall for VAWTs. 
 Unfortunately, VAWTs also have a number of challenges compared to HAWTs, driven by the 
aerodynamics inherent to a VAWT which impact on the design and control of the powertrain. 
Typically VAWTs operate at lower tip-speed ratios than HAWTs.  This reduced rotor speed results 
in an increased torque rating for the same power output increasing powertrain costs and losses. In 
addition, since the angle of attack and apparent wind speed experienced by a blade vary during each 
revolution, strongly cyclic forces arise even at constant wind speeds. As the rotor rotates, there is 
also an interaction between the blades and the downstream wake and this leads to a cyclic nature of 
the torque input to the powertrain, i.e. a peak rotor torque which can be substantially greater than the 
mean torque.  This too can lead to further increases in powertrain cost.  
 Before a powertrain can be tailored to a given VAWT design, one must decide whether the 
powertrain is designed for peak rotor torque or the mean rotor torque at the rated wind speed. It is 
this question – and the various implications of the answer on the powertrain design – that this paper 
investigates. 
 As with some offshore HAWTs, the trend for prototype multi-MW VAWTs is towards a direct-
drive powertrain.  For example, the VertAx design consists of two 5MW inverted PMGs mounted on 
the outside of the tower connecting to the blades by the upper and lower rotor hubs respectively.
4
   
 This paper examines the evaluation of direct-drive generators for large VAWTs by modelling the 
equivalent magnetic and electric circuits of the generator to determine the losses and costs associated 
with different generator designs and with different operational strategies.  A key contribution of this 
paper is the definition of a variable which describes how much the electrical torque of the generator 
matches the mechanical torque. The paper develops models to see how this variable then affects the 
electrical losses in the generator at different wind speeds by simulating the torque loading on the 
generator generated by the rotor blades and then calculating the equivalent magnetic and electric 
circuit for the generator to calculate power output and losses.  This process summarised in Figure 1. 
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Figure 1. Overview of VAWT Generator Modelling Process 
 
1.2. Torque Harmonics and Torque Control 
 
Figure 2. Geometric Angle of Attack for a VAWT blade against Azimuth Angle 
 
Figure 2 shows how the angle of attack for a VAWT rotor blade varies throughout each rotor 
revolution (at a given mean rotor speed) as the apparent wind angle changes.  This is also dependent 
on the tip-speed ratio.
9
  This leads to a varying resultant force generated by the blades.  When 
summed up for all the blades, this produces a cyclic torque pattern. 
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 The resulting torque has significant periodicity which can be characterised using Fourier analysis.  
In order to explore the development of a methodology, this cyclic mechanical torque Tmech is initially 
modelled as a mean torque ?̅? with a fundamental periodic component of magnitude 𝑇Δ and a 
frequency equal to the rotor speed ω multiplied by the number of blades (which in this case is b = 2) 
that varies with azimuth angle 𝜃.  This is shown in equation (1), 
 𝑇mech ≅ ?̅? + 𝑇Δ sin(𝑏𝜃 + 𝛷) = ?̅? + 𝑇Δ sin(𝑏𝜔𝑡 + 𝛷) (1) 
 where Φ indicates the initial angular position. In a HAWT, in steady-state conditions, the 
opposing electrical torque 𝑇elec developed by the generator is constant. If that constant generator 
torque was translated to the VAWT, the cyclic mechanical rotor torque would produce an angular 
acceleration.  The response of the rotating inertia to a torque imbalance is defined by equation (2),  
 𝑇mech − 𝑇elec = 𝐽𝛼 (2) 
 where J is the combined moment of inertia of the wind turbine’s rotor, any shafts and the direct-
drive generator’s rotor, and α is the angular acceleration of the rotor caused by the torque imbalance. 
This will result in a variation in rotational speed ω about a mean rotor speed.  Another option is that 
the electrical torque (which is controlled by adjusting the generator current) matches the mechanical 
torque at every azimuth angle. In this case, there is no angular acceleration; that is, the rotor speed is 
constant. Between these two extremes of operating strategy, the generator torque can match only 
some of the mechanical torque variation. Assuming that ?̅?elec = ?̅?mech (i.e. mean torques are equal 
so that the rotor speed only varies within a rotation, rather than from one rotation to another) a torque 
factor, q can be defined as the ratio of the electrical torque variation to the mechanical torque 
variation (as described by equation (3)) 
 𝑞 =
𝑇Δelec
𝑇Δmech
 (3) 
 The electrical torque profiles and the resulting change in rotor speed for different q strategies are 
demonstrated in Figure 3, where q = 0 shows the constant generator torque ?̅?, varying rotational 
speed case and q = 1 is the case where the generator torque follows the mechanical torque exactly 
leading to a constant rotational speed (and a peak torque of ?̅? + 𝑇Δ). If 0 < q < 1 then this implies 
variation in both electrical torque and rotational speed (Figure 2 shows the case when q = 0.5). 
 
 
Figure 3. Cyclic variation of (a) Electrical torque, (b) Rotor speed for different q factors 
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 This can be further developed for all harmonics h, and not just h = b. An illustration of the actual 
torque profile and the corresponding harmonic components are shown in Figure 4. Equation (1) can 
be extended to all torque harmonics, leading to equation (4) where Th represents the magnitude of 
mechanical torque harmonic (replacing T∆).  Equation (5) shows the electrical torque, where the 
concept of q is applied to each individual harmonic, qh. In this research it is assumed that q is applied 
proportionally to each harmonic, i.e. q1 = q2 = q3 = … = qn = q as demonstrated by the dotted line in 
Figure 4a where q = 0.5 is applied to all harmonics (compared with the solid q = 1 waveform and the 
flat q = 0 strategy). 
 𝑇mech = ?̅? + ∑ 𝑇ℎ sin(ℎ𝜃 + Φℎ)
𝑛
ℎ=1
= ?̅? + ∑ 𝑇ℎ sin(ℎ𝜔𝑡 + Φℎ)
𝑛
ℎ=1
 (4) 
 
 𝑇elec = ?̅? + 𝑞 ∑ 𝑇ℎ sin(ℎ𝜃 + Φℎ)
𝑛
ℎ=1
= ?̅? + 𝑞 ∑ 𝑇ℎ sin(ℎ𝜔𝑡 + Φℎ)
𝑛
ℎ=1
 (5) 
 
 
 
Figure 4. (a) Cyclic Electrical Torque Variation, (b) Cyclic Torque Harmonic Components 
 
 In section 2, the effect of q on torque- and speed-related powertrain losses will be evaluated by 
developing quasi-steady-state analytical expressions for the copper and iron losses. In section 3 this 
paper touches on the aerodynamic consequences of these operational strategies and the resulting 
effect on the energy extraction.  Finally, section 4 will introduce an optimisation approach for both 
control strategies and generator design in order to maximise the energy production while limiting 
generator costs. 
 There are a number of different types of VAWT, as well several different top-level system design 
variables that have a major impact on the characteristics and performance of the VAWT as well as 
influencing the optimal powertrain design.  In this paper, the baseline VAWT is a 10MW, 2 bladed 
H-rotor with a medium swept area aspect ratio (i.e. the ratio of blade length and blade separation). 
The powertrain is a direct-drive permanent magnet generator.  Table I shows the range of some of 
the VAWT design parameters (including power rating and rotor design) that can be specified when 
designing a VAWT and associated powertrain.  The values highlighted in bold are the parameters 
selected for the baseline VAWT and powertrain which most of the analysis in this paper is conducted 
on.  In addition, section 5.2 tests the effects of two design variables: swept area aspect ratio and 
turbine rating (highlighted in grey) on powertrain optimisation. 
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2. GENERATOR MODELLING 
 The VAWTs investigated here use a direct drive permanent magnet generator. Polinder et al. 
suggested a steady-state model of the generator which can be used to evaluate performance at 
multiple wind speed.
10
 Defined in terms of a number of independent variables, this type of model 
gives iron and copper losses and can be used for optimisation. The generator steady-state loss models 
will be developed for torque and rotational speed varying within a rotational cycle. The resulting loss 
and its variation with respect to q will be presented.  
 
2.1. Generator Magnetic Circuit 
 
Figure 5. (a) Magnetic Circuit Illustration, (b) Magnetic Flux Density modelled in FEMM 
 
 Figure 5a illustrates the magnetic circuit model comprising a single pole pair segment of the 
generator.  The model starts with a lumped parameter magnetic circuit to find the flux for each pole. 
Ampere’s, Gauss’s and Hopkinson’s Laws can be used to find the airgap flux Φ𝑔 in terms of the 
magnet MMF ℱ𝑚 (proportional to magnet height) and reluctances ℛ around the magnetic circuit. 
This is formulated in Equation (6).  
 
Φ𝑔 =
ℱ𝑚
(ℛm (1 +
4ℛ𝑔
ℛ𝑙
) + ℛg)
 
(6) 
This flux per pole can then be used to find the fundamental airgap flux density using Fourier analysis 
of a square wave which then allows density allows the induced EMF to be calculated for every wind 
speed value. The airgap flux densities were verified cross referencing a Finite Element Analysis 
model constructed in the open access package FEMM as shown in Figure 5b. 
 
8/28 
 
 
Figure 6. Airgap Flux vs Magnet Width and Height (Calculated and FEMM) 
 
Figure 6 illustrates how the airgap flux varies with the magnet width and height in both models.  This 
shows that the magnetic circuit model and the FEMM model are in close agreement up until a 
magnet width 95% of pole pitch which justifies using the arithmetic approach for modelling the 
multiple generator configurations required in the optimisation process. 
 
2.2. Generator Electrical Model 
 For a given tip speed ratio, each wind speed value corresponds to one value of rotational speed.  
Since the rotational speed varies with azimuth angle when 0 ≤ q < 1, both the induced EMF and 
electrical frequency will also vary around the azimuth for a given wind speed. 
 An equivalent electrical circuit is then used to model the terminal voltage for each wind speed and 
rotor position. The varying electrical frequency means that the reactance also varies with azimuth 
angle (except when q = 1). For a given design, the electrical torque, 𝑇elec, developed by the generator 
can be modelled as described by equation (7): 
𝑇elec = 𝑘𝑇𝐼 (7) 
 where kT is the generator’s torque constant and I is the root-mean square (RMS) current in the 
generator windings. Since the electric torque is harmonic, the RMS current is also harmonic, 
modelled as a sum of a mean RMS current 𝐼 ̅ and a harmonic series of sine components with 
magnitude of 𝑞𝐼ℎ (where 𝐼ℎ corresponds to the mechanical torque harmonic 𝑇ℎ) varying with 
azimuth angle and q:  
𝐼 =
?̅?
𝑘𝑇
+
𝑞
𝑘𝑇
∑ 𝑇ℎ sin(ℎ𝜃 + Φℎ)
𝑛
ℎ=1
 (8) 
 If q = 0 (i.e. fixed torque for a given wind speed) then the current is constant for a fixed wind 
speed; if q = 1 (i.e. electrical torque tracks mechanical torque) then the magnitude of variation in 
current will be at its largest. The terminal voltage Vt then depends on (potentially) variable induced 
emf Ep, the phase reactance X, the phase resistance R, and the phase current I determined by the 
relationship in Equation (9) derived from the phasor diagram of a generator assumed to be operating 
at unity power factor. 
 𝑉t = 𝐸p − 𝑗𝐼𝑋 − 𝐼𝑅s (9) 
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 These electrical circuit parameters are used to calculate the power output of the generator as well 
as generator losses, notably copper and iron losses described in the next section. 
2.3. Copper and iron losses and q  
The major loss types in a permanent magnet generator are the stator copper losses and the stator iron 
losses. The copper losses depend on the current through the stator coils which is proportional to the 
electrical torque response.  The copper losses 𝑃Cu are calculated by averaging the 𝐼
2𝑅 losses over 
one complete revolution of the rotor (by integrating the harmonic form of I (Equation (8)) across the 
entire revolution to determine the mean I
2
 value).  The resulting form is as shown in Equation (10) 
demonstrating that the increase in copper losses varies with the square of q and of the square of the 
current harmonics 𝐼ℎ (where the copper losses are at their maximum by selecting the q = 1 fixed 
speed strategy), 
 𝑃Cu = 𝑅 ( 𝐼
2̅ +
𝑞2
2
∑ 𝐼ℎ
2
𝑛
ℎ=1
) (10) 
 
The iron losses are related to the electrical frequency, that is the product of the number of pole pairs 
p and the rotational speed of the rotor.  This rotational speed is calculated by first combining 
equations (2) and (11) to rewrite ω in terms of the torque imbalance and then torque harmonics 
(equations (4) and (5)).  This is then integrated over one complete revolution to calculate the mean 
values of both the electrical frequency, given by equation (12), and the square of the electrical 
frequency, given by equation (13).  
 𝜔2 = 𝜔0
2 + 2𝛼𝜃  (11) 
 
 𝑓e̅ =
𝑝
2𝜋
(𝜔0 +
1
 𝐽 𝜔0
(𝑞ℎ − 1) ∑
𝑇ℎ
ℎ
𝑛
ℎ=1
) (12) 
 𝑓e2̅̅ ̅ = (
𝑝
2𝜋
)
2
(𝜔0
2 +
2
𝐽
(𝑞ℎ − 1) ∑
𝑇ℎ
ℎ
𝑛
ℎ=1
) (13) 
 The equation for calculating iron losses is derived from equation (14) in Polinder’s paper,10 
calculating the specific losses (per unit mass) for each steel segment i individually (dependent on 
both 𝑓e̅ and 𝑓e2̅̅ ̅ in equations (12) and (13)), then multiplied by their respective masses mi and summed 
to give the form in equation (14) below.  For clarity certain iron constants were grouped into the 
coefficients Ah representing hysteresis losses, and Ae representing eddy current losses (where 𝑃Fe0h 
and 𝑃Fe0e are the specific type losses per unit mass at defined frequency f0 and flux density ?̂?0
2
, 
while ?̂?Fe is the amplitude of flux density in the specific segment).   
 𝑃Fe = ∑ (𝐴h𝑓e̅ + 𝐴e𝑓e
2̅̅ ̅̅ ) ?̂?Fe𝑖
2
𝑚𝑖
𝑖
  𝑤ℎ𝑒𝑟𝑒 𝐴h =
2𝑃Fe0h
𝑓0?̂?0
2 ;  𝐴e =
2𝑃Fe0e
𝑓0
2?̂?0
2 (14) 
The iron losses have a component that is proportional to (q – 1); therefore, the iron losses are largest 
at fixed speed operation (where q = 1) and are minimised at fixed torque operation (where q = 0).  
Note that these iron losses, as with the copper losses, are average power losses across each 
revolution. 
 As for the relative importance of the torque harmonics on generator losses, the copper losses 
depend on the magnitude of Th
2.  This means that only the largest magnitudes of Th have a significant 
impact.  On the other hand, the iron losses depend on Th/h meaning that the higher harmonics will 
have less of an impact.  For 2 bladed VAWTs, since the 2nd harmonic is dominant (e.g. Figure 3b), it 
is likely that the large majority of the copper and iron losses will come from the simple sum of the 
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fixed component and the 2nd harmonic (i.e. the other harmonics contribute only a small part of the 
generator losses). 
 Figure 7 shows how the generator losses vary with q when subjected to harmonic torque input (as 
shown in Figure 3a).  Since the torque variation is large in these tests (𝑇Δ = 1.1?̅?), there is a large 
peak torque experienced which, due to the 𝐼2 relationship of the copper losses, means that there is a 
large range in copper losses.  The strategy that minimises generator losses is the fixed torque q = 0 
strategy, with the fixed speed strategy (q = 1) suffering from a large increase in copper losses.  Also 
of note is that the majority of losses are explained by the fixed component and the 2
nd
 harmonic (for 
a two bladed VAWT); thus, this simple sum provides a good estimate of total generator losses.
12
 
 
 
Figure 7. Generator Losses at 7m/s with Harmonic Torque  
 
Figure 8 shows how generator losses compare for different q strategies across the range of wind 
speeds (compared relative to the q = 0 fixed torque baseline).  The strategy to minimise losses 
𝑞LM = 0 for all speeds (i.e. fixed torque).  This plot shows the 𝑞OPT strategy (elaborated on in 
sections 4 and 5) that optimises the torque control strategy to maximise the generator’s power output 
for each wind speed.  In general this 𝑞OPT strategy employs a higher q at low wind speeds and a 
lower q at high wind speeds where copper losses have a great effect.   
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Figure 8. Generator Losses vs q for all wind speeds (and qOPT strategy) 
2.4. Peak Electrical Torque Loading  
The peak electrical torque that the generator can develop is an important factor in the design and cost 
of the generator.  Figure 9 shows how this is affected by q setting and wind speed, with the peak 
torque experienced at rated operation.  The lower q is, the lower peak electrical torque is.  Of note is 
the loss minimisation 𝑞OPT strategy which has a relatively low peak electrical torque (since 𝑞OPT is 
near zero at rated).  Additionally, the peak electrical torque rating for q = 1 depends on whether all 
harmonics or just the 2
nd
 torque harmonic are taken into account.
12
 
 
 
Figure 9. Peak Electrical Torque Loading for different q strategies.  
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3. AERODYNAMIC MODELLING 
Section 2 introduced generator loss models as a function of q. It is anticipated that varying rotational 
speed with rotor angle will influence the energy extraction of the rotor. With the exception of the 
fixed speed 𝑞 = 1 strategy, the rotor speed will be a function of azimuth. This will introduce an 
additional degree of variation to both the angle of attack and apparent wind speed experienced by the 
blades. Accordingly, the aerodynamics should not be modelled using an algorithm which applies 
averaging in some form or another to variables such as the rotor speed; instead a time-stepping 
algorithm is required.  Since this method is significantly slower than the rest of the optimisation 
process, it is easier to separately consider the modelling of the aerodynamically induced mechanical 
torque and its resultant effect on the generator (including power generated and losses). 
3.1. Aerodynamic vortex code 
 Multiple methods for modelling the aerodynamics of VAWTs have been developed for various 
research activities.  In the 1980s, the preferred algorithm was the Double Multiple Streamtube 
(DMST) algorithm, which is an algorithm based on the Blade Element Momentum (BEM) theory.  
This models the incoming airflow into a series of streamtubes which have energy absorbed by 
actuator “discs”; for DMST codes, there are two actuator “discs” one upwind and one downwind of 
the VAWT rotor for each streamtube.
13
 However, the DMST algorithm assumes a constant rotor 
speed for a fixed wind speed which is incompatible with the methodology of this research. 
 At the other extreme are Computational Fluid Dynamics (CFD) techniques which numerically 
solve the Navier-Stokes equations of the fluid interaction with the turbine.  While they have the 
ability to analyse complex aerodynamic phenomena including flow separation when the blades are 
stalled, the computational time required for these models is significant (especially when running 
multiple variations for different q settings).
13
   
 Given that the focus of this work is on the evaluation and optimisation of the VAWT powertrain, 
it was decided that a vortex code that follows the approach of Ferreira
14
 would be a more appropriate 
modelling technique. This algorithm models the wake as an incompressible and irrotational vortex 
system, with induction factors calculated by summing up velocities induced by all the vortex 
segments in the wake. The bulk of the computational cost is in evaluating the wake’s self-influence 
at the end of a time-step; however, through parallelisation the cost of this section can be kept to 
reasonable levels.  Embedded into vortex codes are Kelvin’s circulation theorem, which stipulates 
that the rate of change of circulation in a closed system is zero, and the Kutta condition, which 
stipulates that the trailing edge of a blade is a stagnation point (as shown in figure 10). Kelvin’s 
theorem is of particular importance for dynamic systems.
14-15
   
 
 
 
Figure 10. Circulation around a blade 
  
 The time-stepping nature of this algorithm’s implementation allows for its use in situations where 
the rotor speed varies with time.  Previous work by Ferreira and Zanon suggests that such a 
technique is adequate for determining the apparent wind speed experienced by the blades along with 
the angle of attack and induction factors at high Reynolds numbers and tip-speed ratios λ > 3.16  
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Since the code does not model dynamic stall, it can be used as long as the rotational speed is not 
allowed to drop too low.
22
   
3.2. Implementation to calculate changes in energy extraction due to q and λ 
To model the effect of this dynamic wake on the input torque to the generator, the rotational speed at 
each time step must be known.  The change in rotor speed is calculated (Equation (2)) from the 
torque balance between the mechanical torque (from all rotor blades) and electrical torque dependent 
on q.  This new rotor speed is then used in the calculation of the aerodynamic loading at the next 
time step.  Once the simulation has been completed, the resulting relationship of mechanical torque 
to azimuth angle is established and the harmonic components extracted using Fourier analysis, which 
are then passed on to the generator loss equations as well as for calculating the mean mechanical 
power for each q calculated by averaging the power generated from the product mechanical torque of 
the VAWT rotor and its rotational speed. This process is repeated for a number of combinations of 
wind speed and torque factor, q.   
 A reduction in the mean rotor mechanical power output for different q strategies can be 
considered as a third source of power loss (in addition to copper and iron losses).  This loss is 
defined as the difference between the largest mean mechanical power (for all q cases) and the mean 
mechanical power for a particular q case. This effect can be analysed by using the vortex code to 
calculate the mechanical torque and rotational speed for each wind speed v and torque factor q 
combination and then working through the generator code to calculate the mean mechanical power 
output (across the whole azimuth range) for each combination of v and q. Once this is completed, the 
largest mean mechanical power can be found for each wind speed.   
 The effect of mean tip speed ratio can also be examined using this method. This is done by 
changing different mean rotational speeds, ?̅?, and repeating the process described above. Different 
H-rotor designs have different 𝐶p̅̅ ̅– ?̅? characteristics depending on their design (where 𝐶p̅̅ ̅ refers to the 
output power coefficient and ?̅? is the tip speed ratios with each parameter averaged over one 
revolution).
17
 The change in this mean rotational speed ?̅? leads to a change in mean value of tip 
speed ratio and hence of power coefficient. It is likely that the optimal q strategy will be somewhat 
dependent on this mean tip speed ratio.   
3.3. Aerodynamic Loss Results 
 
Figure 11. Mean Mechanical Power Output at (a) 8m/s, (b) 10m/s 
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Figure 11 shows the average mechanical power output and its variation with torque factor, q, for 
mean tip speed ratios ?̅? between 4 and 6, at wind speeds of 8 m/s and 10 m/s.  The focus on this work 
was on the below rated regime where the efficiency of the generator has a greater impact on the 
energy production of the turbine.  There is an increase in mean mechanical power output as ?̅? 
increases.  There is also some small variation in how q affects mechanical power depending on ?̅?.   It 
is small in magnitude and its relationship with q is difficult to quantify but even a small increase in 
mechanical power with q can affect the optimal strategy to maximise power.  Figure 12a shows how 
angle of attack decreases with ?̅? which corresponds to the increasing 𝐶p̅̅ ̅– ?̅? curve in Figure 12b. 
 The vortex code used in this model does not include drag components, in practice the VAWT’s 
𝐶p̅̅ ̅– ?̅? curve would peak at a relatively low tip-speed ratio.  However this does not affect the 
methodology of this research, nor that the main focus is on the powertrain response of the VAWT. 
 
 
Figure 12. (a) Maximum Angle of Attack, (b) Power Coefficient vs Tip Speed Ratio (𝑪𝐩̅̅̅̅ – ?̅?) 
 
4. GENERATOR OPTIMISATION 
In order to optimise the cost of energy of the VAWT powertrain, this paper proposes a nested 
optimisation routine, taking into account the specifics of the VAWT rotor design, in particular the 
cyclic torque pattern.  An inner control strategy loop seeks to find the maximum energy production 
by varying q at each wind speed for a given generator design; while the outer machine design loop 
that seeks to find the optimal design of the generator by varying a number of generator design 
parameters.   
 The overall optimisation process is shown in Figure 13. The aerodynamic model is run before the 
optimisation based on a range of predefined discrete combinations of wind speed, mean tip speed 
ratio, and q typically for a large number of rotations until the mean mechanical torque converges and 
mean rotational speed converges. The Fourier coefficients of the resulting mechanical torque and 
speed data is stored in a data file and can be called up for a number of different generator designs. 
 The main part of the program is the generator design optimisation loop which determines the 
combination of generator parameters (e.g. magnet width and height, slot width and height, airgap, 
and so on) that minimises the objective function (see section 4.1.1) and is thus determined to be the 
optimal generator design.  This outer optimisation loop includes a generator model calculating the 
equivalent magnetic circuit and the equivalent electric circuit for the given generator design in an 
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iteration.  This is passed into the inner generator control optimisation loop which runs through the 
different control strategies and computes the effect of the cyclic torque on the power output and 
associated losses for each strategy and determines the optimal control strategy qOPT(v) for this 
generator design which is defined as the q setting that maximises the power output for each wind 
speed v.  This is then used to calculate the annual energy yield (using the Weibull distribution) and 
the resulting objective function value for the outer optimisation.   
 
 
Figure 13. Top Level Algorithm for Generator Optimisation Program 
4.1. Generator Design Optimisation 
This section describes the objective function and the optimisation algorithm. 
4.1.1. Objective Function  
The ideal objective function for many design processes in wind energy is the cost of energy.  This 
requires a large number of parameters that are outside the powertrain design that are difficult to 
estimate (e.g. the cost of the turbine rotor, foundation costs) and which have a large uncertainty. It 
has been shown in that a good proxy for cost of energy in powertrain optimisation is an objective 
function which tries to minimise the powertrain cost while maximising the annual energy yield.
18
  It 
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has been assumed for this study that this result for HAWTs is equally applicable to VAWTs. The 
objective function used here is shown in Equation (15) where the generator active cost is the total 
cost of the electrical steel (€3/kg), copper (€15/kg) and permanent magnets (€25/kg) used in the 
generator (unit prices u as used by Polinder)
10
 and the revenue is the energy yield over y years (either 
5, 10 or 15) multiplied by an assumed value of electricity (e.g. u=€190/MWh).  
 
𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛 = 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝐴𝑐𝑡𝑖𝑣𝑒 𝐶𝑜𝑠𝑡 − 𝑅𝑒𝑣𝑒𝑛𝑢𝑒 
𝑓𝑦 = (𝑢𝐶𝑢𝑚𝐶𝑢 + 𝑢𝐹𝑒𝑚𝐹𝑒 + 𝑢𝑃𝑀𝑚𝑃𝑀) − (𝑢𝑀𝑊ℎ × 𝑦 × 𝐴𝐸𝑃) 
(15) 
4.1.2. Independent Variables 
The implementation of the complete algorithm (Figure 13) involved carrying out a five-parameter 
optimisation of the generator designed for use in a 10MW offshore VAWT with an annual mean 
wind speed of 9.8m/s (following a Weibull distribution with the same scaling parameters as Hart, 
et.al.).
19
 
 Table II shows the 7 parameters that are the independent variables for the generator design 
optimisation (outer loop) process (in contrast to the inner loop optimisation where the only 
independent variable is q for each wind speed) along with the corresponding lower and upper bounds 
(to be used in all upcoming tests) as well as the default value (used in the pre-optimised baseline 
case) for each variable.   
 The choices of independent variables determine a series of dependent variables.  For instance, the 
pole pitch is fixed based on the stator radius and the integer number of pole pairs, while the magnet 
width depends on the magnet width ratio and the pole pitch.  The airgap clearance, g, is taken to be 
the 0.1% of the stator diameter, a standard rule of thumb used in the design of larger radius 
generators.
19
 
4.1.3. Genetic Algorithm & Pattern Search  
The optimisation algorithm used in this program is a hybrid approach of the Genetic Algorithm and 
Pattern Search techniques.
18
 These algorithms take in a range of independent variables, any 
constraints and minimise the given objective function within this range of variables.   
 The Genetic Algorithm mimics the process of natural selection that drives biological evolution.  It 
creates a population of candidate solutions (thereby running the generator calculation code multiple 
times within a single generation) and each generation uses the results of these evaluations (“parents”) 
to evolve a new population of candidate solutions (“children”) using selection (carrying forward the 
best performing parents), crossover (combining elements from a pair of parents) and mutation 
(random changes to a single parent).
20
  After multiple generations the population approaches the 
optimal area, although it can take a long time to converge to the optima.  Therefore, after a small 
number of iterations the output from the GA is used as the input for another algorithm to quickly pin-
point the optima.   
 The Pattern Search algorithm searches a set of points (“mesh”) around the current point looking 
for one that improves on the previous best value of objective function (i.e. if changing any of the 
design variables improve Cost of Energy).  This process continues: narrowing the mesh when it finds 
no improvement and expanding the mesh out from any new best point when discovered, ultimately 
converging on the global minima (i.e. the optimal generator configuration).
21
   
 This hybrid optimisation algorithm is described by the flow chart in Figure 14 and was used by 
McDonald and Bhuiyan for optimising PM generators for HAWTs.
18
  Tests involving three variables 
(magnet width, magnet height and airgap) takes around three minutes on a standard desktop PC to 
run in full from start to optimal solution.   
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Figure 14. Genetic Algorithm with Pattern Search Method Diagram 
18 
 
4.2. Application of Optimisation to different Rotors and Turbines 
The optimisation process is first applied to the baseline turbine in Table I and then to turbines with 
different rotor aspect ratios and turbine ratings.  
4.2.1. Rotor Swept Area Aspect Ratio 
 
Figure 15. Alternative H-rotor designs 
 
The aspect ratio of the swept area of the turbine rotor blades is defined as the ratio of the diameter of 
rotation (equal to twice the length rotor arm between tower and blade) divided by the height of the 
rotor blades.  As shown on Figure 15, three potential configurations are tested, the baseline turbine 
(70m radius, shown in black) and two configurations with reduced aspect ratio (shorter arm radius, 
with longer blades). These changes lead to two different effects: a change in inertia and a change in 
tip speed for the same rotational speed. It was decided that two tests per turbine configuration would 
be carried, one where the moment of inertia was held constant (equal to that of the baseline), and one 
more realistic run where the moment of inertia decreases in line with the reducing arm length.  In all 
tests the magnitude of the swept area is kept constant at 7000m
2
.   
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4.2.2. Turbine Rating 
A further set of tests looked to establish the optimal design of the generator used when the turbine 
rating varies from 5 to 10 to 20MW.  For this test the arm length remained the same whereas the 
blade length would increase or decrease proportionally with the desired power rating.  Also for this 
test the same generator boundaries for optimisation were used. 
 
5. RESULTS 
5.1. Generator Design Optimisation 
The resulting output from the optimisation process is displayed in Table III while a comparison of 
key outputs from baseline and optimised designs for ?̅?  = 5.3 (where there is a slight increase in 
mechanical power with q) is shown in Figure 16. 
 Table III shows that the optimisation process produces generator designs with an increased stator 
radius (which simplistically increases the ratio of energy output to active cost). This is offset by a 
decrease in stator length resulting in an overall reduction in generator costs. More significantly, these 
generators have lower losses, resulting in an increase in annual yield and hence a better balance of 
cost and revenue, as described by f10 (Equation (15) where y = 10 years). 
 It is important to note that different generators each have their own tailored optimal q strategy.  If 
there is an increase in mechanical torque with q (like in Figure 16) then the optimal strategy qOPT(v) 
starts medium to high and reduces as the wind speed increases.  For some cases (for example at high 
tip speed ratios) mechanical torque can be constant with regards to q or even reducing.  In these 
cases the optimal strategy is 𝑞OPT~0.  
 The optimal generator design is larger and more expensive for the higher tip speed ratio. 
 
 
Figure 16. Generator Power Output, Electrical Losses, Generator Efficiency and 𝒒𝐎𝐏𝐓 strategy 
5.2. Alternative VAWT Rotor Designs 
5.2.1. Investigating Rotor Swept Area Aspect Ratio 
The generator output for the different rotor aspect ratios tested is shown in Table IV – in each case 
the generator is optimised specifically for that turbine design with a separate set of aerodynamic 
calculations also being carried out for each test. 
 The relative performance of these designs is also shown visually in Figure 17 where the shorter 
arm lengths show potential improvement over the baseline specification due to the increase in 
mechanical power resulting from the increased rotor speed (for the same wind speed and tip speed 
ratio) which may be worth future investigation.  It is also noticeable how varied the qOPT strategies 
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are for the different rotor configurations which further demonstrate how each generator (for each 
rotor configuration) needs to have its own individually optimised strategy to maximise performance. 
 
 
Figure 17. Performance of Generators with Different Rotor Aspect Ratios 
5.2.2. Rescaling to 5MW and 20MW 
 The generator specifications and outputs are listed in Table V. 
 
Figure 18. Comparison of Efficiency and Optimal Strategies for 5, 10 & 20MW turbines 
 
 The comparison of the efficiencies of the generators and the corresponding optimal control 
strategies are shown in Figure 18.  The copper and iron losses are also shown in the same figure 
where the optimised generator is compared to a baseline generator (using the optimised generator 
parameters from the 10MW generator). In particular, it is noticeable that the optimised 20MW 
turbine increases iron losses against the baseline in order to significantly decrease copper losses and 
thus improve generator efficiency. 
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6. DISCUSSION 
6.1. Generator Modelling 
The main novelty of this research is the concept of a torque control factor q applied to the electrical 
torque based on following a proportion of the variation of the mechanical torque as opposed to 
running at a fixed electrical torque (whether at 𝑇 or otherwise) when wind speed is constant.  This 
work showed how these q strategies affect the generator power losses.  While both copper and iron 
losses increase with q (copper losses increasing with q
2
) it may still be advantageous to implement a 
variable q strategy if the mechanical torque from the rotor blades increases with q. It is however 
unlikely that full torque tracking (q = 1) is likely to be optimal due to the large increase in copper 
losses, especially at higher wind speeds.   
 In order to ensure a fair comparison of different generator designs, it is important to establish the 
qOPT strategy for that generator design.  Typically a qOPT strategy involves running with low or zero 
electrical torque variation at rated operation.  This allows the designer to rate the generator at a lower 
peak electrical torque and even consider reducing the size of the generator.  This is significant as it 
was assumed at the start of this work that one would have to rate the generator to its peak mechanical 
torque (q=1) with the corresponding size and cost of the generator, but these results show it is more 
effective to run at a lower peak electrical torque and potentially reduce the cost of the generator by 
running a smaller generator in its place. 
 Since any periodic function (e.g. mechanical torque variation of a VAWT with azimuth angle) can 
be represented by a Fourier series of sine waves, in practice the torque factor q is applied to each 
harmonic of the mechanical torque (except the DC offset) proportionally to control the variation in 
electrical torque.  As the mechanical torque trace of a VAWT is dominated by the mean torque (𝑇) 
and the b
th
 harmonic where b is equal to the number of blades (e.g. for a 2-bladed VAWT, the 2
nd
 
harmonic), the generator losses can be approximated by simply considering the losses associated 
with the mean torque and the b
th
 harmonic.  However, when calculating the peak electrical torque, all 
torque harmonics must be considered. 
 With a three bladed VAWT the reduced inherent mechanical torque variation would reduce the 
potential gains from these q strategies compared with two bladed VAWTs.  However the effect 
would still be worth factoring in to the overall Cost of Energy modelling of three bladed VAWTs. 
6.2. Aerodynamic Modelling 
The mechanical power output from section 3.3 shows an increase in mean mechanical power with tip 
speed.  The angle of attack graph and the corresponding 𝐶p̅̅ ̅– ?̅? (Figure 12) show a decrease in 
maximum angle of attack from 16.5° (λ = 4) to 11° (λ = 6); since blade performance usually degrades 
when the angle of attack is larger than 15°, this backs up why the mean mechanical power output 
increases with tip speed ratio.   
 When q is small, there is a relatively large variation in speed so the resulting Cp will vary along 
the Cp-λ curve leading to a potentially large variation in power extraction during each revolution.  
When the Cp-λ  curve is increasing: if the curve is steeper above ?̅? than below then an increase in 
energy extraction is possible.  By contrast when q is close to 1, the speed variation is reduced and 
thus there is less variation in power output. 
 In practice a tip speed ratio above 6 is deemed to be very high for a VAWT and would normally 
result in a decreasing Cp-λ curve due to the increase in drag which is not correctly modelled in this 
simulation (which is why tip speed ratios above 6 have been omitted).  However the main focus of 
this research is on the powertrain response as opposed to the aerodynamics of the VAWT rotor. 
 This different behaviour in energy extraction of the VAWT rotor at different speeds has to be 
incorporated into the overall optimisation loops and therefore the choice of mean tip speed ratio 
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depends on running multiple separate optimisations for different mean tip speed ratios and 
comparing the objective function value of each optimisation result against each other, thereby 
influencing the optimal powertrain design and operational strategy.  
6.3. Turbine Configuration  
The last set of results look into how changes to the VAWT design affect the powertrain after 
optimisation.  Changing the rotor swept area aspect ratio varied both the aerodynamics and moment 
of inertia.  These results suggest a potential power improvement by narrowing the H-rotor. Note that 
for a wider H-rotor the rotational speed would drop to the point where the blades are 
aerodynamically inefficient. Finally, rescaling the generator for 5MW and 20MW resulted in similar 
“Profit” per MW (although the 20MW turbine was slightly better in this case).  
 
7. CONCLUSION 
This research shows that the control of electrical torque variation can have an impact on the 
performance of a commercial scale Vertical Axis Wind Turbine.  The selection of q strategy can be 
important to both the operation and design of the powertrain, as well as influencing the VAWT’s 
wider design.  The fixed torque strategy provides good overall turbine performance, while torque 
tracking is less efficient in terms of losses and generator loading.  It may be possible to improve 
turbine performance by allowing q to vary with respect to wind speed depending on the aerodynamic 
loading of the rotor but requires robust modelling of such loading patterns.  Therefore it is worth 
integrating this torque variance modelling into analysis of the VAWT powertrain.  
 The optimisation of powertrain design and operation is best considered as two optimisation 
procedures (one inside the other) with the aim to reduce the cost of energy contribution of the 
powertrain.  One consequence of this approach is that the powertrain can be rated for a power output 
only slightly larger than the mean power output at rated operation (as opposed to the much larger 
peak power output corresponding to the peak mechanical torque of the VAWT rotor). This allows for 
a smaller and cheaper generator to be used. 
  The continuation of this research could involve modelling the effect of electrical torque cycling 
on other aspects that contribute to the cost of energy of a VAWT, e.g. how current cycling affects the 
failure rate (from fatigue) of components such as the power converters, and how in turn this might 
affect the operation and maintenance costs of the VAWT.   
 Generally speaking, a periodic signal (such as torque and it variation with azimuth angle) can be 
described by its magnitude and its phase. This research has considered the control of the magnitude; 
further work should investigate varying both the magnitude and phase of the electrical torque (as 
illustrated in Figure 19). This may have some positive benefits in terms of energy capture.  
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Figure 19. Example of offset between Mechanical and Electrical Torque 
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Table I. Potential VAWT Design and Powertrain Design Options 
System Design Variable Potential Options 
Power / Size of Turbine 5MW 10MW 20MW 
VAWT Rotor Design H-rotor V-rotor Darrieus 
Number of Blades 2 3 ≥4 
Swept Area Aspect Ratio Narrow Medium Wide 
Gearing Direct Drive Single Stage Multiple Stage 
Generator Type PMG DFIG Other 
Number of Generators One Multiple - 
Table shows the potential range of some VAWT design parameters.  For this paper, the baseline 
values are in bold, with variables in grey being investigated as design alternatives in section 5.2.  
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Table II. Generator Optimisation Variables 
Parameter Lower Bound Default Value Upper Bound 
Stack Length (m) 0.5 1.5 8.0 
Stator Radius (m) 2.0 7.5 8.0 
Number of Pole Pairs 50 150 480 
Magnet Width
Pole Pitch
 60% 70% 100% 
Magnet Height (mm) 15 40 50 
Stator Tooth Width (mm) 15 20 25 
Stator Tooth Height (mm) 60 80 80 
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Table III. Generator Specifications and Outputs before and after Optimisation 
Mean Tip Speed Ratio ?̅? = 5.3 
Generator Optimisation Status Initial Spec Optimised 
Stator Length × Radius (m) 1.5 × 7.5 1.30 × 8.0 
Pole Pairs 150 153 
Magnet Width Ratio 70% 60% 
Magnet Width × Height (mm) 100 × 40.0 98.4 × 44.1 
Stator Tooth Width × Height (mm) 20.0 × 80 17.6 × 80 
ENERGY OUTPUT & LOSSES 
Energy Yield (GWh) 39.26 39.43 
Copper Loss (GWh) 0.657 0.636 
Iron Loss (GWh) 0.527 0.386 
Generator Active Cost (kEuro) 843.7 770.2 
f10: 10 year “Profit” (MEuro) 73.76 74.15 
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Table IV. Generator Output for varying Rotor Aspect Ratios 
Rotor Swept Area Aspect Ratio Baseline 7.7% narrower 15% narrower 
Rotor Diameter : Blade Length 2x70/100=1.4 2x65/107.7=1.207 2x60/116.7=1.028 
Moment of Inertia (10
6
 kg m
2
) 105 105 97.5 105 90 
Stator Length × Radius (m) 1.30 × 8.0 1.34 × 8.0 1.33 × 8.0 1.32 × 8.0 1.32 × 8.0 
Pole Pairs 153 149 150 147 148 
Magnet Width Ratio 60% 60% 60% 60% 60% 
Magnet Width × Height (mm) 98.4 × 44.1 101 × 43.6 100 × 43.7 102 × 42.9 102 × 42.9 
Stator Tooth Width × Height (mm) 17.6 × 80 23.7 × 80 17.5 × 80 22.5 × 80 15.8 × 80 
 
ENERGY OUTPUT & LOSSES 
Energy Yield (GWh) 39.43 43.43 43.52 48.19 48.30 
Copper Loss (GWh) 0.636 0.674 0.673 0.680 0.680 
Iron Loss (GWh) 0.386 0.424 0.422 0.441 0.440 
Generator Active Cost (kEuro) 770.2 787.6 785.8 774.6 774.4 
f10: 10 year “Profit” (MEuro) 74.15 81.73 81.72 90.79 91.00 
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Table V. Generator Outputs for 5MW and 20MW rescaled turbines 
Turbine Power Output Downscaled 5MW Baseline 10MW Upscaled 20MW 
Rotor Diameter : Blade Length 2x70/50=2.8 2x70/100=1.4 2x70/200=0.7 
Moment of Inertia (10
6
 kg m
2
) 52.5 105 210 
Stack Length × Radius (m) 0.75 × 8.0 1.30 × 8.0 2.27 × 8.0 
Pole Pairs 176 153 137 
Magnet Width Ratio 60% 60% 60% 
Magnet Width × Height (mm) 85.5 × 37.9 98.4 × 44.1 110 × 49.6 
Stator Tooth Width × Height (mm) 19.4 × 80 17.6 × 80 23.7 × 80 
ENERGY OUTPUT & LOSSES 
Energy Yield (GWh) 19.65 39.43 78.85 
Copper Loss (GWh) 0.326 0.636 1.215 
Iron Loss (GWh) 0.213 0.386 0.688 
Generator Active Cost (kEuro) 434.4 770.2 1382 
f10: 10 year “Profit” (MEuro) 36.90 74.15 148.4 
“Profit” per MW (MEuro) 7.380 7.415 7.422 
 
